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The product of the iel gene, the regulatory immediate 
early protein pp89 of murine cytomegalovirus 
(MCMV), interacts with core histones, which can 
mediate the association of pp89 with DNA. We report 
the capacity of pp89 to interact directly with DNA in 
the absence of cellular proteins. After separation of 
proteins by SDS-PAGE, pp89 bound ds- and ssDNA, 
with a preference for ssDNA. Binding to specific DNA 
sequences in the MCMV genome was not detected. 
The DNA-binding region of pp89 was located to amino 
acids 438 to 534 by analysis of deletion mutants 
expressed as fl-galactosidase or TrpE fusion proteins. 
This region is identical to the highly acidic C-terminal 
region spanning amino acids 424 to 532. The human 
cytomegalovirus IE1 protein, which contains a similar 
extended C-terminal acidic region, does not react with 
DNA under the same experimental conditions. 
Introduction 
Gene expression during the course of the murine 
cytomegalovirus (MCMV) replication cycle is tempor- 
ally controlled and regulated in a cascade fashion (Keil et 
al., 1984). At least three classes of MCMV genes, 
immediate arly (IE or ~), early (E or fl), and late or y can 
be differentiated. Three major IE genes, iel, ie2 and ie3, 
have been identified (Keil et al., 1987 a, b; Messerle t al., 
1991). Genes iel and ie3 share the same promoter and are 
separated from gene ie2 by a regulator egion with 
enhancer elements. Although MCMV gene ie2 has no 
counterpart in human cytomegalovirus (HCMV) IE 
genes (Messerle et al., 1991), the structural organization 
of the HCMV IE1/IE2 gene complex is comparable to 
that of MCMV iel/ie3 (Keil et al., 1987a; Stinski et al., 
1983). MCMV iel and HCMV IE1 products are encoded 
by exons 2, 3 and 4, and MCMV ie3 and HCMV IE2 
products by exons 2, 3 and 5. Sequence comparison of 
these proteins revealed similarity only between MCMV 
IE3 and HCMV IE2 amino acid sequences encoded by 
the respective exons 5 (Messerle t al., 1992). Similarity 
between MCMV and HCMV IE1 proteins is restricted 
to the highly acidic C-terminal regions encoded by exons 
4 (Keil et al., 1987a). 
IE proteins are required for the trans-activation of E 
gene promoters. Activation of heterologous viral and 
cellular promoters by the MCMV IE1 protein pp89 has 
been demonstrated bytransfection of the iel gene (Kos- 
zinowski et al., 1986; Schickedanz et al., 1988). This is 
in contrast to the inability of the IE 1 protein expressed in
transfected cells to activate the MCMV E gene promoter 
el, which requires the presence of ie3 gene products 
(Biihler et al., 1990). However, transient expression 
experiments have revealed that E gene activation by the 
IE3 protein can be augmented by iel gene products 
(Messerle et al., 1992). No function in transcriptional 
regulation has been assigned to the ie2 product (Koszin- 
owski et al., 1986). 
MCMV IE1 proteins interact with chromatin and this 
property could play a role in gene activation, pp89 and its 
proteolytic cleavage product pp76 bind avidly to isolated 
core histones and a histone-binding region has been 
located to amino acids 71 to 415, but not to the region 
homologous to histone H2B (Miinch et al., 1991). When 
proteins in high salt extracts of infected ceils are analysed 
by chromatography on DNA-cellulose, histones are 
required for the interaction of pp89 with DNA (Miinch 
et al., 1988). No association ofpp89 with cellular DNA in 
dividing cells could be detected. This was explained by 
the higher affinity of pp89 for isolated histones than for 
DNA-bound histones. This finding is in contrast to that 
for the HCMV IE1 protein, which has been reported to 
interact with metaphase chromosomes; equences en- 
coded by exon 4 contribute to this activity (LaFemina et 
al., 1989). 
We now demonstrate that pp89 has an intrinsic 
capacity to interact directly with DNA.  We have defined 
a domain of pp89 essential for DNA binding using a set 
of pp89 fusion proteins blotted onto nitrocellulose and 
incubated with DNA probes, which were detected by 
autoradiography. We report that pp89 binds DNA, 
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preferentially ssDNA, in a sequence-independent man- 
ner. The DNA-binding region was located within the 
highly acidic C-terminal region of exon 4-encoded 
sequences. 
Methods 
Virus and cells. MCMV (mouse salivary gland virus, strain Smith, 
ATCC VR-194) was used for infection of BALB/c mouse fibroblasts 
(MEFs) as described by Keil et al. (1984). 
Western blot analysis. MCMV IE polypeptides were visualized by 
probing filters with monoclonal antibody (MAb) 6/20/1 and with 
antisera raised against peptides of pp89 as described (Keil et al., t985; 
Miinch et al., 1991). For detection of HCMV IE1 proteins a mixture of 
human HCMV-positive sera was used. 
Recombinant plasmids and expression of  pp89 and pp89 peptides in 
Escherichia coli. ]~-Galactosidase (~-gal)-pp89 fusion proteins were 
generated by ligation of MCMV iel gene sequences encoding amino 
acids 1 to 595, and deletion mutants affecting amino acids 20 to 134, 96 
to 152, 137 to 248, 275 to 475, 251 to 595, 154 to 595 and 100 to 595, 
respectively (Volkmer et al., 1987), to the Sinai site of the expression 
vector pROS (Ellinger et al., 1989) (obtained from G. Jahn, Institute for 
Virology, Erlangen, Germany). E. coli BMH 71/18 was transformed 
with the recombinant constructs, grown to an optical density of 0.6 at 
550 nm and induced for 5 h with 1 mta-IPTG. For expression of/~-gal- 
HCMV IE1 fusion proteins the IE1 open reading frame was ligated to 
the HindllI site of the pROS vector, and transformation nd induction 
were done as described above. TrpE fusion proteins containing amino 
acids 1 to 99, 122 to 153, 250 to 309, 310 to 438,438 to 534, 468 to 492 
and 532 to 595 of pp89 were generated by fusion of the corresponding 
MCMV iel gene sequences to the SmaI site of the pATH 2 shuttle 
vector (Dieckmann & Tzagloff, 1985; Spindler et al., 1984). E. coli C600 
was transformed with these plasmids, grown to an optical density of 0.2 
at 550 nm and induced for 5 h with 3-/~-indoleacrylic a id (10 Bg/ml). 
Labelling of MCMV DNA. MCMV DNA was either end-labelled 
with [~,-32p]ATP and T4 polynucleotide kinase, or labelled with 
[a.3 zP]dCTP and the Klenow fragment of DNA polymerase by random 
oligonucleotide-primed synthesis (Feinberg & Vogelstein, 1983). 
Protein blotting and identification of  DNA-binding proteins. Proteins 
from infected cells were separated by SDS-PAGE and transferred to 
nitrocellulose as described previously (Miinch et al., 1988). Proteins 
expressed by bacteria were treated in the same way after sonication for
1 rain at 100 J/s (Brown Sonifier B-12). After transfer, the nitrocellulose 
was incubated in 1% bovine serum albumin in PBS for 2 h at 4 °C, cut 
in strips and briefly rinsed in PBS. If not otherwise indicated strips 
were incubated in binding buffer (100 mM-NaC1, 20 mM-Tris-HC1 
pH 7.5, 10% glycerol) and 3zp-labelled MCMV DNA for 14 h at 4 °C. 
Unbound DNA was removed by washing the strips three times for 
5 rain in binding buffer at 23 °C prior to exposure to X-ray film. 
Results 
pp89 interacts directly with DNA 
Previous studies using chromatography of MCMV- 
infected cell extracts on DNA-cellulose have demon- 
strated the interaction of the major MCMV IE proteins 
with DNA. Both pp89 and pp76, a processed product of 
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Fig. 1. DNA binding of IE proteins after transfer to nitrocellulose. IE
proteins from MCMV-infected MEFs were separated by SDS-PAGE 
and transferred to nitrocellulose. Blotted proteins were renatured and 
incubated with the 3zp-labelled MCMV HindlII F fragment (Ebeling 
et al., 1983) at NaCI concentrations of 0.1, 0.2, 0.3, 0.4 and 0-6M (lanes 2 
to 6). Unbound DNA was removed and DNA-binding proteins were 
detected by autoradiography. Positions of IE proteins were determined 
by Western blotting (lane 1). Coomassie blue-stained proteins are 
shown in lane 7. 
pp89 (Keil et al., 1985), bind core histones with high 
affinity and core histones are involved in the interaction 
of pp89 with DNA (Mfinch et al., 1988). However, it 
remained unclear whether pp89 contains an intrinsic 
DNA-binding region that is perhaps activated subse- 
quent o the interaction with histones or whether pp89 is 
kept in DNA-histone complexes only by its affinity for 
histones. 
To study the intrinsic DNA-binding activity of IE 
proteins, the contribution of cellular proteins to this 
reaction had to be excluded. We used the method of 
DNA binding of proteins eparated by SDS-PAGE after 
transfer to nitrocellulose (Southwestern assay), which 
has been successfully applied to determine the inter- 
action of wild-type proteins, protein fragments and 
fusion proteins with DNA, with or without preference 
for specific DNA sequences (Lenz et al., 1990; Moreland 
et al., 1991; Tsujimoto et al., 1991; Inoue et al., 1991). 
MCMV-infected cell extracts were separated by SDS- 
PAGE and proteins were transferred to nitrocellulose. 
After renaturation the immobilized proteins were incu- 
bated with DNA 32p_labelled according to the method of 
Feinberg & Vogelstein (1983) (Fig. 1, lanes 2 to 6). The 
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position of the IE proteins pp89 and pp76 was 
determined by Western blotting (lane 1). 
pp89 and pp76 were both found to bind DNA and 
clearly represented the most prominent DNA-binding 
proteins in extracts of infected cells, although they are 
not the most abundant cellular proteins, as demonstrated 
by Coomassie blue staining (lane 7). The other promi- 
nent DNA-binding proteins migrating at 32K, 17K and 
15K represent the cellular histones. DNA-binding of the 
IE proteins decreased with increasing ionic strength, and 
the affinity of pp89 for DNA was abolished at 0.4 to 
0.6 M-NaC1 (lanes 5 and 6). The DNA-binding capacity 
of pp76 was found to be reduced but not completely 
abolished at 0.6 M-NaC1. The properties of pp76 were not 
followed further because this protein represents a
degradation product of pp89, and its relative abundance 
is variable and mainly dependent upon cell lysis and 
extraction procedures. These results how that isolated 
pp89, after separation from cellular proteins, binds 
directly to DNA, and that the binding properties are 
comparable to those of histones, the abundant cellular 
DNA-binding proteins. 
pp89 preferentially binds ssDNA 
We wished to determine which regions of pp89 contri- 
bute to DNA binding and prepared as a first step a pp89- 
fl-gal fusion protein containing the complete pp89 
sequence. Bacterial extracts were used for DNA binding 
studies. It was expected that in the experiment shown in 
Fig. 1 protein would bind to ssDNA because labelling of 
DNA by random oligonucleotide-primed synthesis re- 
sults mainly in ssDNA probes. However, due to the 
renaturation of the partially complementary single 
strands a selective reaction with dsDNA in the solution 
was not excluded. To test for selective binding of pp89 to 
ss- or dsDNA, end-labelled DNA fragments were used 
for binding studies, either as native dsDNA or as ssDNA 
after heat denaturation (Fig. 2). Single-stranded DNA 
was found to be bound effectively at 100 mM- and 200 
mM-NaCI, and with a reduced affinity at 300 mM-NaCI 
(Fig. 2 a, lanes 1, 2 and 3). At a concentration f 400 mM- 
NaC1, binding of ssDNA was weak (lane 4). Binding of 
dsDNA was weaker than that of ssDNA at 100 mM- 
NaCI and further reduced at 200 mM-NaCI (Fig. 2b, 
lanes 1 and 2). At higher NaCI concentration, nodsDNA 
was bound (lanes 3 and 4). Two conclusions were drawn 
from these results. First, pp89 can bind both ss- and 
dsDNA, but the affinity for ssDNA is greater. Second, 
the affinity for ssDNA of the authentic pp89 and of the 
fl-gal-pp89 fusion protein is comparable (compare Fig. 1 
and Fig. 2a). 
To investigate whether pp89 also binds RNA, ssDNA 
binding studies were performed in the presence of a 20-, 
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Fig. 2. Affinity of pp89 for ss- and dsDNA. Extracts of bacterial cells 
expressing fl-gal-pp89 fusion proteins were treated as described in Fig. 
1 and incubated either with (a) single-stranded or (b)double-stranded 
MCMV Hind l I l  F DNA at NaC1 concentrations of 0.1, 0.2, 0.3 and 
0.4 M (lanes 1 to 4). (c) ssDNA binding of pp89 in the presence of 
competitor RNA. Proteins were incubated with ssDNA as in (a, lane 1) 
in the presence of a 0-, 20-, 100- or 500-fold excess (lanes 1 to 4) of 
bacterial RNA. The position of the fl-gal-pp89 fusion protein is 
indicated. 
100- or 500-fold excess of RNA (Fig. 2c, lanes 2 to 4). No 
inhibition of DNA binding could be observed even at 
the highest RNA concentration, regardless of whether 
bacterial or eukaryotic RNA was used for competition. 
As the same concentration f unlabelled DNA competed 
effectively with DNA binding (see Fig. 3), we concluded 
that pp89 does not interact with RNA. 
No sequence specificity of pp89 binding 
The DNA-binding activity of pp89 and pp76 was 
comparable tothat of the most prominent cellular DNA- 
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Fig. 3. DNA binding of pp89 in the presence ofcompetitor DNA. fl- 
Gal pp89 fusion proteins were treated as in Fig. 2 and incubated with 
radiolabelled MCMV DNA in the presence ofa 0-, 20-, 100- or 500-fold 
excess (lanes 1 to 4) of calf thymus DNA (a) or MCMV DNA (b). The 
position of the fl-gal-pp89 protein is indicated. 
binding proteins (Fig. 1) and it could be hypothesized 
that specific sequences of the labelled MCMV DNA 
were recognized. To test this hypothesis, an excess of 
either specific or non-specific DNA was used to compete 
for DNA binding by pp89 (Fig. 3). Binding of labelled 
MCMV DNA was partially inhibited at a 20-fold excess, 
effectively reduced by a 100-fold excess and completely 
abolished at a 500-fold excess of unlabelled MCMV 
DNA (Fig. 3a, lanes 2 to 4). Competition also occurred 
when calf thymus DNA was used as the competitor (Fig. 
3 b, lanes 2 to 4). The same results were obtained using 
several DNA fragments of the MCMV genome, includ- 
ing the region represented by the iel gene promoter and 
enhancer sequences, and the el gene region (data not 
shown). Taken together, competition was always found 
to be comparable when either MCMV DNA fragments 
or calf thymus DNA were used for competition. These 
results indicate that the DNA-binding activity identified 
by these criteria is not due to a sequence-specific DNA- 
binding property of pp89. 
Localization of the DNA-binding region of pp89 
To define the DNA-binding region of pp89 a series of 
deletion mutants were expressed either as fl-gal or TrpE 
fusion proteins and tested for their DNA affinity (Fig. 4). 
To study the expression of the different gene constructs 
and to identify the individual proteins the extracts of 
bacterial cells were separated by SDS-PAGE and 
proteins were stained with Coomassie blue (Fig. 4a) or 
were reacted with MAb 6/20/1 or antisera raised against 
peptides of pp89 (Miinch et al., 1991) (not shown). 
Extracts of bacterial cells expressing the fl-gal (Fig. 4b, 
lanes 1 to 8) or the TrpE proteins (Fig. 4b, lanes 9 to 16) 
contained only one bacterial protein of Mr 170K with 
significant DNA-binding properties. The reactivity of 
this protein was used as n internal standard, unrelated 
to protein abundance detected by Coomassie blue 
staining and immunoblotting, to evaluate the DNA 
affinity of the individual chimeric proteins containing 
pp89 sequences. No DNA affinity of the fl-gal (lane 1) 
and TrpE proteins (lane 9), which have MrS of 44K and 
41K, respectively, was detected. The fl-gal fusion 
proteins containing pp89 and mutants A, N and F, which 
are characterized by deletions in the N-terminal region 
(for sequence details see Fig. 4c), all bound DNA 
strongly (Fig. 4b, lanes 2to 5). It is apparent that several 
fusion proteins were not stable and that some, but not all, 
degradation products were still capable of binding DNA. 
Deletion mutant C, which lacks amino acids 274 to 476, 
showed reduced DNA-binding activity (lane 6) and 
deletion mutant H, containing only the first 250 amino 
acids of pp89, lacked this activity altogether (lane 7). 
These results indicated to us that the first 250 amino 
acids of pp89 can be deleted without loss of function and 
have no activity on their own. Since ven amino acids 
274 to 476 can be deleted without complete loss of 
binding activity, the DNA-binding region should be 
located in the C-terminal third of pp89. 
In good agreement with this explanation was the 
finding that the regions expressed by mutants H, J and 5', 
which contain the N-terminal 250, 154 and 99 amino 
acids, respectively, and amino acids 122 to 153 expressed 
by mutant H2B did not bind DNA (Fig. 4b, lanes 7 to 9). 
Of the deletion mutants containing amino acids in the 
region between amino acids 250 to 595, only mutant 24 
was found to bind DNA (lane 14), which localized the 
DNA-binding region of pp89 to amino acids 438 to 534. 
The TrpE fusion protein of this region did bind DNA 
with an affinity comparable to that of pp89 and mutants 
A, N and F. No reactivity was seen with the short 
fragments J, 5', H2B [containing the region homologous 
to histone H2B (Keil et al., 1987a)], 2 and 15 (lanes 8 to 
13), which is in agreement with the results obtained using 
the deletion mutants. Similarly, the C-terminal frag- 
ments contained in A' and 3' did not react (lanes 15 and 
16). The Coomassie blue-stained control gel shows that 
some lanes containing extracts of bacteria that should 
express these fragments contain less protein. However, 
when taking the 170K bacterial DNA-binding protein as 
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the internal standard, even longer exposures of the 
Southwestern blot, which revealed the reactivity of this 
protein, did not demonstrate the reactivity of any other 
fragment except 24 (lane 14). The DNA-binding 
capacity of pp89 fragments correlated strongly with the 
recognition of fragments by MAb 6/20/1 (Keil et al., 
1985). This antibody recognizes the amino acid sequence 
between positions 468 and 492 (Koszinowski et al., 
1987). Although this also demonstrates that this region is 
involved in DNA binding, there remains a certain 
ambiguity with respect o some of the smaller fragments 
that did not react. This is due to the fact that in the 
absence of a specific antiserum that reacts with all 
individual fragments the relative amount of the fusion 
proteins in bacterial ysates could not be determined 
accurately by Western blotting. 
The HCMV IE1 protein does not interact with DNA 
The immediate arly 1 genes of both HCMV (Stenberg et 
al., 1984) and MCMV (Keil et al., 1987a) share a similar 
structure in that both contain four exons, exon 2 starts 
with the first ATG and exon 4 encodes the major 
component of the mRNA including the DNA-binding 
domain. No significant homologies between the nucleo- 
tide sequences exist and comparison of the amino acid 
sequences revealed only one region with similarity, 
within the glutamic acid-rich regions of both proteins 
(Keil et al., 1987a). Since the analysis of the DNA-  
binding activity of pp89 deletion mutants localized the 
DNA-binding domain within the highly acidic region of 
pp89, amino acids 424 to 532, a similar DNA-binding 
property of HCMV IE1 seemed plausible. To compare 
directly the DNA-binding properties of both proteins, 
extracts were run in parallel on the same gel, blotted onto 
nitrocellulose and incubated with labelled DNA (Fig. 
5a). After autoradiography the nitrocellulose was dis- 
sected and proteins were analysed with either MCMV- 
or HCMV-specific sera (Fig, 5b). DNA was bound 
efficiently by the 145K/~-gal-pp89 fusion protein (Fig. 
5a, lane 2), whereas no DNA-binding activity of the 
Fig. 4. DNA binding of pp89 deletion mutants. (a) Extracts of bacterial 
cells expressing fl-gal (lane 1), fl-gal-pp89 (lane 2), deletion mutants A, 
N, F, C, H and J fused to/~-gal (lanes 3 to 8),TrpE (lane 9), or short 
sequences of pp89 5', H2B, 2, 15, 24, A' and 3' fused to TrpE (lanes 10 to 
16) were separated by SDS-PAGE and Coomassie blue-stained. 
Arrowheads indicate fusion proteins identified by immunostaining 
with MAb 6/20/1 or with antisera raised against peptides of p89. (b) 
Extracts of bacterial cells were separated by SDS PAGE, transferred 
to nitrocellulose and incubated with a mixture of MCMV ss- and 
dsDNA 32p-labelled by random oligonucleotide-primed synthesis. The 
designation of lanes is the same as those in (a). Positions of pp89- 
specific DNA-binding proteins of the authentic size are marked by 
arrows. (c) pp89 domains expressed in the fusion proteins and their 
DNA-binding activity. 
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Fig. 5. DNA binding of the HCMV IE1 protein. (a) Extracts of 
bacterial cel|s expressing fl-gal (lanes 1 and 3), fl-gal-pp89 (lane 2) and 
fl-gaI-HCMV IE 1 (lane 4) were analysed for DNA-binding proteins as 
described in Fig. 4. (b) After autoradiography, Western blotting with 
MCMV-specific (lanes 1 and 2) or HCMV-specific serum (lanes 3 and 
4) was carried out. 
110K fl-gal-HCMV IE1 protein was observed (lane 4). 
Western blotting (Fig. 5 b, lane 4) demonstrated that the 
HCMV IE1 protein was present on the ni rocellulose in
this experiment and Coomassie blue staining revealed 
that the amount of the HCMV IE1 protein considerably 
exceeded that of pp89 (data not shown). Therefore we 
concluded that the HCMV IE1 protein differs from the 
MCMV IEI protein pp89 with respect to DNA binding. 
Discussion 
pp89 is the prominent viral protein of the IE phase of 
MCMV infection. It can activate cellular genes (Schicke- 
danz et al., 1988) as well as heterologous viral promoters 
(Koszinowski et al., 1986), and contributes to the 
activation of the MCMV e 1 gene by the ie3 gene product. 
In previous tudies we have been able to show that IE 
proteins extracted from infected cells are not retained on 
DNA-cellulose columns unless histones are present. 
In this report we show that a direct DNA-binding 
capacity of pp89 can be detected after separation of 
proteins by SDS-PAGE. Analysis of deletion mutants 
localized the DNA-binding domain within the region 
between amino acids 438 and 534. The capacity of pp89 
to interact directly with DNA was not revealed by 
DNA--cellulose chromatography of cell extracts. We 
suggest that the failure of native pp89 to interact directly 
with DNA results from either a configuration that masks 
the DNA-binding region or that the DNA-binding 
region is blocked by the interaction of pp89 with other 
proteins. A similar feature has also been described for 
the NF-xB transcription factor. The DNA-binding site 
of this protein has been found to be blocked in cells that 
do not express x-immunoglobulin light chain genes. The 
DNA-binding property could be activated in vitro by a 
denaturation-renaturation protocol, and the authors 
assumed that the DNA-binding site is inactivated in 
these cells by the interaction f NF-xB with an inhibitor 
(Baeuerle & Baltimore, 1988). The technique of South- 
western blotting for the detection of DNA-binding 
properties of cellular and viral proteins in combination 
with the expression of the proteins under study in the 
form of bacterial fusion proteins has turned out to be 
appropriate for the characterization of functional do- 
mains of proteins (Lenz et al., 1990; Moreland et al., 
1991; Tsujimoto et al., 1991), including herpesvirus 
nuclear proteins (Inoue et al., 1991). For pp89 we could 
show that in this assay system the binding activity of 
pp89 and of cellular histones is comparable. Further- 
more, the binding properties were not affected by the 
expression of pp89 as a bacterial fusion protein. 
The MCMV iel gene product binds ss- and dsDNA, 
but shows a preference for ssDNA. Binding of specific 
DNA sequences could not be detected. This property is 
shared by a group of proteins uch as GP5 from phage 
M13, GP32 from phage T4, and RecA, SSB and SSF 
from E. coll. All these proteins bind strongly and 
cooperatively tossDNA without any apparent sequence 
specificity. They also share the ability to reduce the 
melting temperature of dsDNA by preferentially binding 
to ssDNA and preventing it from renaturing. Alignment 
of the DNA-binding regions of these proteins revealed a
ssDNA-binding triple-stranded fl-sheet motif and led to 
the hypothesis that the protein-ssDNA complex is 
stabilized by the interaction f aromatic and basic 
residues with the bases and phosphate groups, respec- 
tively, of the DNA (Venkataram Prasad & Chiu, 1987). 
The herpes simplex virus type 1 protein ICP8 also 
preferentially binds ssDNA, and its DNA-binding 
region has similarities with this motif (Wang & Hall, 
1990). 
Sequence analysis of the domain of pp89 with DNA- 
binding properties did not reveal a sequence homologous 
to this ssDNA-binding motif. The DNA-binding do- 
main (amino acids 438 to 534) of MCMV pp89 is almost 
identical to the highly acidic domain spanning amino 
acids 424 to 532, which contains 42 acidic amino acids 
and only one basic amino acid. Sequence comparison of 
this region with known ds- and ssDNA-binding proteins 
did not show any significant similarities. This failure to 
detect homologies i not surprising because the majority 
of DNA-binding proteins tudied interact with DNA via 
basic regions. 
The HCMV IE1 protein also contains an extended C-
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terminal acidic region, in which 36 of 103 amino acids 
are acidic. Therefore, similar DNA-binding capacities 
could be expected. However, the HCMV IE1 protein did 
not interact with DNA when tested in the same assay as 
pp89. On the other hand, an interaction between 
metaphase chromosomes and the HCMV IE1 protein 
has been described, and the acidic region was hypoth- 
esized to mediate this interaction (LaFemina et al., 
1989). Therefore, the acidic region of each protein 
probably exerts a different function. 
The isolated acidic region of pp89 still interacts with 
DNA when expressed as a TrpE fusion protein. 
Therefore we propose that it is a feature of this sequence 
itself which is responsible for the DNA-binding capacity 
and that adjacent amino acid sequences do not essen- 
tially contribute to the DNA-binding property. Acidic 
regions have been identified in several chromatin and 
chromosomal proteins, and are thought o play a role in 
unfolding condensed chromatin and in regulation of 
transcription by interacting with histones or transcrip- 
tion factors (Earnshaw, 1987). pp89 also interacts avidly 
with histones, but via a region adjacent o the acidic 
domain located between amino acids 71 and 415 
(Miinch et al., 1991). Therefore we speculate that pp89- 
histone complexes may interact with DNA via the 
DNA-binding Ser-Pro-Lys-Lys regions of histones (Su- 
zuki, 1989) and the acidic region of pp89. However, the 
experimental pproach to solve this question would be 
difficult, as both protein species interact with DNA in a 
sequence-independent manner. 
Little is known about direct DNA interactions of 
protein acidic regions. The mammalian high mobility 
group proteins 1 and 2 (HMG1 and HMG2), which 
contain highly acidic regions of about 50 amino acids at 
the C terminus, bind to ssDNA, but the DNA-binding 
region of HMG 1 has been localized to an N-terminal 
basic region (Reeves & Nissen, 1990). It has been 
suggested that the acidic region of HMGs is involved in 
denaturation of dsDNA because isolated polyglutamic 
acid regions have been shown to unwind DNA (Yoshida, 
1983). pp89 binds ss- and dsDNA but shows a preference 
for ssDNA and thus we propose that the interaction of 
pp89 with dsDNA could result in unwinding of dsDNA, 
probably caused by interaction of acidic amino acids 
with the bases of the DNA. Experiments to study this 
question are under way. 
We thank I. Bennett for typing the manuscript and B. Reutter for 
excellent technical assistance. This investigation was supported by SFB 
322 grant A7 from the Deutsche Forschungsgemeinschaft. 
References 
BAEUERLE, P. A. & BALTIMORE, D. (1988). Activation of DNA-binding 
activity in an apparently cytoplasmic precursor of the NF-xB 
transcription factor. Cell 53, 211-217. 
BOItLER, B., KEIL, G. M., WEILAND, F. & KOSZINOWSKI, U. H. (1990). 
Characterization f the murine cytomegalovirus early transcription 
unit el that is induced by immediate-early proteins. Journal of 
Virology 64, 1907-1919. 
DIECKMANN, C. L. & TZAGLOFF, A. (1985). Assembly of the 
mitochondrial membrane system. Journal of Biological Chemistry 
266, 1513-1520. 
EARNSHAW, W. C. (1987). Anionic regions in nuclear protein. Journalof 
Cell Biology 105, 1479-1482. 
EBELING, A., KEIL, G. M., KNUST, E. & KOSZINOWSKI, U. H. (1983). 
Molecular cloning and physical mapping of murine cytomegalovirus 
DNA. Journal of Virology 47, 421-433. 
ELLINGER, S., GLOCKSHUBER, R., JAHN, G. & PLf2CKTHUN, A. (1989). 
Cleavage of procaryotically expressed human immundeficiency 
virus fusion proteins by factor Xa and application in Western blot 
(immunoblot) assays. Journal of Clinical Microbiology 27, 977-982. 
FEINBERG, A. P. & VOGELSTEIN, B. (1983). A technique for 
radiolabeling DNA restriction fragments to high specific activity. 
Analytical Biochemistry 132, 6-13. 
INOUE, N., HARADA, S., HONMA, T., KITAMURA, T. & YANAGI, K. 
(1991). The domain of Epstein-Barr virus nuclear antigen 1 essential 
for binding to driP region has a sequence fitted for the hypothetical 
basic-helix-loop-helix structure. Virology 182, 84-93. 
KEIL, G. i . ,  EBELING-KEIL, A. & KOSZINOWSKI, U. H. (1984). 
Temporal regulation of murine cytomegalovirus transcription and 
mapping of viral RNA synthesized at immediate arly times after 
infection. Journal of Virology .50, 784-795. 
KEIL, G. M., FIBI, M. R. & KOSZINOWSKI, U. H. (1985). Characteriza- 
tion of the major immediate-early polypeptides encoded by murine 
cytomegalovirus. Journal of Virology 54, 422-428. 
KEIL, G. M., EBELING-KEIL, A. & KOSZINOWSKI, O. H. (1987a). 
Sequence and structural organization of murine cytomegalovirus 
immediate-early gene 1. Journal of Virology 61, 1901-1908. 
KEIL, G. M., EBELING-KEIL, A. & KOSZINOWSKI, U. H. (1987b). 
Immediate-early genes of murine cytomegalovirus: location, 
transcripts, and translation products. Journal of Virology 61, 
526-533. 
KOSZINOWSKI, U. H., KEIL, G. M., VOLKMER, H., FIBI, M. R., 
EBELING-KEIL, A. & MONCtt, K. (1986). The 89,000-Mr murine 
cytomegalovirus immediate-early protein activates gene transcrip- 
tion. Journal of Virology 58, 59-66. 
KOSZINOWSKI, U. H., REDDEHASE, M. J., KEIL, G. M., VOLKMER, H., 
JONJIC, S., MESSERLE, M., DEL VAL, M., MUTTER, W. & MUNCH, K. 
(1987). Molecular analysis of herpesviral gene products recognized 
by protective cytolytic T lymphocytes. Immunology Letters 16, 185- 
192. 
LAFEMINA, R. L., PIZZORNO, M. C., MOSCA, J. D. & HAYWARD, 
G. S. (1989). Expression of the acidic nuclear immediate-early 
protein (IE1) of human cytomegalovirus in stable cell lines and its 
preferential ssociation with metaphase chromosomes. Virology 172, 
584-600. 
LENZ, J., OKENQUIST, S., LOSARDO, J. E., HAMILTON, K. K. & DOETSCH, 
P. (1990). Identification of a mammalian uclear factor and human 
eDNA-encoded proteins that recognize DNA containing apurinic 
sites. Proceedings of the National Academy of Sciences, U.S.A. 87, 
3396-3400. 
MESSERLE, i . ,  KEIL, G. M. & KOSZINOWSKI, O. H. (1991). Structure 
and expression of the murine cytomegalovirus immediate-early gene 
2. Journal of Virology 65, 1638-1643. 
MESSERLE, M., Bf3HLER, B., KEIL, G. M. & KOSZINOWSKI, U. H. (1992). 
Structural organization, expression, and functional characterization 
of the murine cytomegalovirus immediate-early gene 3. Journal of 
Virology 66, 27-36. 
MORELAND, R. B., MONTROSS, L. & GARCEA, R. L. (1991). Characteri- 
zation of the DNA-binding properties of the polyomavirus capsid 
protein VP1. Journal of Virology 65, 1168-1176. 
Mf,)NCH, K., KEIL, G. M., MESSERLE, M. & KOSZINOWSKI, U. H. 
(1988). Interaction of the 89K murine cytomegalovirus immediate- 
early protein with core histones. Virology 163, 405-412. 
MUNCH, K., BOHLER, B., MESSERLE, M. & KOSZINOWSKI, U. H. (1991). 
The core hist0ne-binding region of the murine cytomegalovirus 89K 
immediate early protein. Journal of General Virology 72, i967-1974. 
506 K. Mfinch and others 
REEVES, R. & NISSEN, M. S. (1990). The A .T-DNA-binding domain of 
mammalian high mobility group I chromosomal proteins. Journal of 
Biological Chemistry 265, 8573-8582. 
SCHICKEDANZ, J., PHILIPSON, L., ANSORGE, W., PEPPERKOK, R., 
KLEIN, R. & KOSZlNOWSKI, U. H. (1988). The 89,000-M r murine 
cytomegalovirus immediate-early protein stimulates c-fos expression 
and cellular DNA synthesis. Journal of Virology 62, 3341-3347. 
SPINDLER, K. R., ROSSER, D. S. E. & BERK, A. J. (1984). Analysis of 
adenovirus transforming proteins from early regions 1A and 1B with 
antisera to inducible fusion antigens produced in Escherichia coll. 
Journal of Virology 56, 665-675. 
STENBERG, R. M., THOMSEN, D. R. & STINSKI, M. F. (1984). Structural 
analysis of the major immediate arly gene of" human cytomegalo- 
virus. Journal of Virology 49, 190-199. 
STINSKI, M. F., THOMSEN, D. R., STENBERG, R. M. & GOLDSTEIN, L. C. 
0983). Organization and expression of the immediate early genes of
human cytomegalovirus. Journal of Virology 46, 1-14. 
SUZUKI, M. (1989). SPKK, a new nucleic acid-binding unit of protein 
found in bistones. EMBO Journal 8, 797-804. 
TSUJIMOTO, A., NYUNOYA, H., MORITA, T., SATO, T. & SHIMOTOHNO, K. 
(1991). Isolation of cDNAs for DNA-binding proteins which 
specifically bind to a tax-responsive enhancer element in the long 
terminal repeat of human T-cell leukemia virus type 1. Journal of 
Virology 65, 1420-1426. 
VENKATARAM PRASAD, B. V. & CHIU, W. (1987). Sequence comparison 
of single-stranded DNA binding proteins and its tructural implica- 
tion. Journal of Molecular Biology 193, 579-584. 
VOLKMER, H., BERTHOLET, C., JONJIC, S., WITTEK, R. ~ KOSZINOWSKI, 
U. H. (1987). Cytolytic T lymphocyte recognition of the murine 
cytomegalovirus nonstructural immediate-early protein pp89 ex- 
pressed by recombinant vaccinia virus. Journal of Experimental 
Medicine 166, 668~77. 
WANG, Y. & HALL, J. D. (1990). Characterization f a major DNA- 
binding domain in the herpes implex virus type 1 DNA-binding 
protein (ICP8). Journal of Virology 64, 2082-2089. 
YOSmDA, M. (1983). Mg z+-, CaZ+-dependent u winding of DNA by 
poly-L-glutamic acid. Biochemical and Biophysical Research Commu- 
nications 116, 217-221. 
(Received 4 July 1991 ; Accepted 15 November 1991) 
